Fischer A, Gluth M, Pape U, Wiedenmann B, Theuring F, Baumgart DC. Adalimumab prevents barrier dysfunction and antagonizes distinct effects of TNF-␣ on tight junction proteins and signaling pathways in intestinal epithelial cells.
INFLAMMATORY BOWEL DISEASES (IBDs), such as Crohn's disease (CD) and ulcerative colitis (UC), are relapsing systemic inflammatory diseases primarily affecting the gastrointestinal tract with extraintestinal manifestations and associated immune disorders. They result from an inappropriate immune response, in genetically susceptible individuals, to microbial antigens of commensal microorganisms (7, 8) . A key role in this process has been attributed to the intestinal barrier, which serves as a first line of defense for the mucosal immune system and consists of a polarized single layer of epithelial cells with tight junctions blocking the paracellular passage of solutes and antigens. Dysfunction of this barrier represents a pivotal characteristic of both CD and UC that has been suggested to contribute to the pathogenesis of these disorders by initiating an inflammatory cascade triggered by increased passage of luminal antigens into the lamina propria (11, 46) . In addition, back flux of water and solutes into the lumen has been proposed to contribute to the pathogenesis of diarrhea (41) .
Tumor necrosis factor (TNF)-␣ is a proinflammatory cytokine that has been extensively characterized as a key player in the pathogenesis of IBDs. In line with this, biological therapies targeting this cytokine have become an invaluable part of the therapeutic armamentarium in IBDs. However, the precise mechanisms of action underlying the efficacy of anti-TNF-␣ antibodies have not been fully identified and most likely comprise mechanisms other than just neutralizing soluble TNF-␣, as suggested by the lack of efficacy of the TNF-␣ receptor fusion protein etanercept in IBDs (36, 38) . As a plethora of in vitro studies have linked proinflammatory cytokines such as TNF-␣ and interferon (IFN)-␥ to increased paracellular permeability (12, 46) , barrier protection constitutes a likely candidate mechanism to contribute to the therapeutic efficacy of anti-TNF-␣ strategies in IBDs. This is supported by findings obtained with the chimeric anti-TNF-␣ antibody infliximab demonstrating its ability to restore barrier function in patients suffering from CD (27, 45) and to antagonize structural changes of the tight junction in the 2,4-dinitrobenzene sulfonic acid-induced model of colitis (18) .
However, as mechanistic experiments investigating these effects are lacking, it is presently unknown whether barrier protection by anti-TNF-␣ drugs solely reflects neutralization of soluble TNF-␣ or comprises an independent effect of these compounds (20) . Thus, we used two in vitro models of the intestinal epithelial barrier to investigate the effects of adalimumab, a fully human antibody against TNF-␣ with therapeutic efficacy in CD and UC (19, 34) , on barrier disruption induced by the proinflammatory cytokines TNF-␣ and IFN-␥. Here, we demonstrate, for the first time, that adalimumab prevents barrier dysfunction induced by TNF-␣ both functionally and structurally as well as on the level of signal transduction. Moreover, we provide evidence for a differential effect of TNF-␣ on the expression of tight junction transmembrane proteins and the activation of the phosphatidylinositol 3-kinase (PI3K)/Akt signaling pathway in Caco-2 and T-84 cells.
MATERIALS AND METHODS
Cell culture. Caco-2 BBE cells were cultured in DMEM containing 10% FBS, 1% nonessential amino acids, and 10 mM HEPES as well as penicillin-streptomycin and subcultured every 3-4 days before reaching confluence. T-84 cells cultured in DMEM-F-12 containing 10% FBS, 10 mM HEPES, and penicillin-streptomycin were subcultured once a week. All cell culture media and supplements were obtained from Life Technologies (Darmstadt, Germany), and cells were allowed to differentiate for 25 days (Caco-2 cells) and 15 days (T-84 cells), respectively, before cytokine stimulation. For measurement of transepithelial electrical resistance (TEER), cells were grown on polycarbonate transwell inserts with a diameter of 12 mm and a pore size of 0.4 m (Corning, Corning, NY) and treated with IFN-␥, TNF-␣ (Cell Signaling Technology, Danvers, MA), and adalimumab (Abbott Laboratories, Wiesbaden, Germany) applied to the basal compartment of the transwell system as indicated. TEERs were recorded using the Millicell electrical resistance system (Millipore, Billerica, MA), and resistances detected over a blank filter were subtracted from the obtained values.
Viability assays. Neutral red uptake assays were performed to assess the cytotoxicity of IFN-␥, TNF-␣, and adalimumab as previously described (35) .
Immunofluorescence. Standard immunofluorescence was performed either directly on transwell inserts or on cells grown on coverslips (Sarstedt, Nürnbrecht, Germany). Cells were fixed in methanol at Ϫ20°C for 20 min and blocked in PBS containing 3% BSA and 0.2% (vol/vol) Triton X-100 for 1 h followed by incubation with primary antibodies against zonula occludens (ZO)-1 and occludin (Life Technologies) used at a dilution of 1:200 overnight. After repeated washes with PBS containing 0.1% Triton X-100, fluorophore-coupled secondary antibodies (Life Technologies) were applied for 1 h at room temperature, and cells were washed again with PBS and Triton X-100. Mounting was performed using the ProLong antifade kit (Life Technologies), and images were collected using AxioVision software on an Axio M1 imager equipped for fluorescence (Carl Zeiss, Jena, Germany). To visualize the redistribution of claudin-1 upon cytokine stimulation, a modified protocol designed to preserve intracellular vesicles was used as previously described (43) . Briefly, cells were fixed in methanol, air dried, and rehydrated with 100 M bis(sulfosuccinimidyl) suberate in PBS with 0.1% N-octylglutaraldehyde (PBSϩ). After being quenched in ethylenediamine, monolayers were blocked in 1% nonfat dry milk and 1% fish gelatin in PBSϩ and incubated with primary and secondary antibodies as described above. Z-stack images were taken on a Keyence BZ-9000 fluorescence microscope.
Protein analyses. T-84 and Caco-2 cells grown on transwell inserts were primed with IFN-␥ (2.5 and 5 ng/ml, respectively) for 24 h followed by treatment with TNF-␣ (5 ng/ml), adalimumab (10 g/ ml), or both. TEER was measured after 6 h to ensure the presence of the expected effect of cytokine treatment on tight junction permeability followed by lysis of the cells in urea buffer (54) supplemented with protease and phosphatase inhibitors (Thermo Fisher Scientific, Rockford, IL). Proteins were separated using tricine SDS-PAGE as previously described (39) , and Western blot analysis was performed according to standard procedures. Primary antibodies were obtained from Life Technologies (claudin-1, claudin-2, claudin-4, and occludin), Cell Signaling Technology [p38, phospho-p38, p65, phosphop65, Akt, phospho-Akt, and phospho-myosin light chain (MLC)] and Santa Cruz Biotechnology (␤-actin) and used at a 1:1.000 dilution; horseradish peroxidase-coupled secondary antibodies were obtained from DAKO (Hamburg, Germany) and used at a dilution of 1:5.000. Stripping of Western blot membranes was performed for 30 min at 50°C in a stripping buffer containing 2% SDS and 0.7% ␤-mercaptoethanol followed by repeated washes of the membranes in Trisbuffered saline including 0.2% Tween 20. Densitometric quantification was performed using ImageJ (National Institutes of Health, Bethesda, MD).
RNA isolation and quantitative RT-PCR.
RNA was prepared from Caco-2 monolayers using TRIzol (Life Technologies) and quantified using a nanodrop spectrophotometer (Wilmington, DE). After visual inspection of the RNA separated on a 1% Tris-borate-EDTA agarose gel to rule out RNA degradation, genomic DNA was removed using a TURBO DNA-free kit (Applied Biosystems, Darmstadt, Germany), and cDNA was constructed using the iScript kit (Bio-Rad Laboratories, Munich, Germany) according to the manufacturer's recommendations.
Quantitative RT-PCR was carried out in a 96-well format on an Mx3005P light cycler (Stratagene, La Jolla, CA) using the EvaGreen PCR Master Mix (Bio-Rad). All reactions were carried out in technical triplicates with three biological replicates for every treatment group, and a standard curve derived from pooled samples was used to determine primer efficiency and ensure linearity of the reactions. Reactions lacking cDNA and samples in which the reverse transcriptase was omitted during cDNA synthesis served as negative controls. Melting curve analyses were carried out to ensure amplification of a single product; in addition, this was verified visually on agarose gels.
Statistics. For TEER and densitometry data, statistical significance was determined using one-way ANOVA with Dunnet correction for multiple testing in SPSS (IBM, Armonk, NY). Quantitative RT-PCR data were analyzed using the relative expression software tool algorithm (31) to correct for differences in primer efficiency and to determine statistical significance. All graphs were prepared using GraphPad Prism (GraphPad Software, San Diego, CA).
RESULTS

Adalimumab prevents the TEER decline induced by TNF-␣, but not IFN-␥, in intestinal epithelial cells.
To investigate the impact of adalimumab on the barrier-disrupting effects of IFN-␥ and TNF-␣, two well-established intestinal epithelial barrier models were used. In line with previous observations (48) , treatment of fully differentiated Caco-2 cells with either IFN-␥ (5-10 ng/ml) or TNF-␣ (5-20 ng/ml) alone did not result in changes of TEER within 24 h (data not shown). However, when Caco-2 monolayers were preconditioned for 24 h with IFN-␥ (10 ng/ml) to induce the expression of TNF-␣ receptors (49) , the subsequent addition of TNF-␣ (5 ng/ml) induced a significant drop in TEER within 6 h (mean TEER: 148 Ϯ 10 ⍀·cm 2 compared with 230 Ϯ 6 ⍀·cm 2 in nontreated cells, n ϭ 9, P Ͻ 0.001; Fig. 1A ). This was reversed by coadministration with 10 g/ml adalimumab, a concentration commonly found in sera from patients lacking anti-adalimumab antibodies (6) (mean TEER: 229 Ϯ 7 ⍀·cm 2 , n ϭ 9), whereas the antibody alone had no effect on TEER (mean TEER: 235 Ϯ 8 ⍀·cm 2 , n ϭ 9). Increasing doses of cytokines (20 ng/ml IFN-␥ and 20 ng/ml TNF-␣) and prolonged stimulation for 24 h substantially worsened barrier dysfunction (mean TEER: 37 Ϯ 7 ⍀·cm 2 , n ϭ 8, P Ͻ 0.0001); however, even under these conditions the decline in TEER was prevented by adalimumab [mean TEER: 241 Ϯ 5·cm 2 , not significant (NS); Fig. 1B ].
We next attempted to determine the minimum concentration of adalimumab required to antagonize the barrier-disrupting effect of TNF-␣. Using low cytokine concentrations (10 ng/ml IFN-␥ and 5 ng/ml TNF-␣) and short incubation times (6 h), the reduction in TEER upon TNF-␣ treatment was fully prevented by adalimumab in concentrations down to 100 ng/ml in Caco-2 cells, whereas 10 ng/ml only partially inhibited the TNF-␣-induced barrier breakdown and lower concentrations were not effective (Fig. 1C) .
In contrast to these observations in Caco-2 cells, treatment of T-84 cells with low concentrations of IFN-␥ (2.5 ng/ml) was sufficient to induce a substantial decline in TEER (relative TEER: 3,162 Ϯ 155 ⍀·cm 2 compared with 4,809 Ϯ 271 ⍀·cm 2 , n ϭ 8, P Ͻ 0.001), and adalimumab was not effective in reversing this effect (mean TEER: 3,242 Ϯ 185 ⍀·cm 2 , n ϭ 8, P Ͻ 0.001; Fig. 1D . T-84 cells were treated with 2.5 ng/ml IFN-␥ and Ada as indicated for 24 h (D) or primed with 2.5 ng/ml IFN-␥ followed by stimulation with TNF-␣ (5 ng/ml), Ada, or both compounds for 6 h (E and F). Data are shown as mean TEER and means Ϯ SE derived from at least 8 samples in each group. Statistically significant differences are marked as follows: *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001.
experiments revealed that, similar to the Caco-2 cell line, an adalimumab concentration of 100 ng/ml was sufficient to prevent barrier disruption by TNF-␣; however, concentrations down to 1 ng/ml still partially reversed the TNF-␣-induced TEER loss in T-84 cells, whereas 100 pg/ml of the antibody did not elicit any relevant effects. In line with previous observations (48), neither TNF-␣ nor IFN-␥ displayed relevant cytotoxicity within 6 h when used in low concentrations, and no reduction in the number of viable cells was observed within this timeframe. Similarly, adalimumab did not elicit any cytotoxic response in either cell line (Fig. 2) .
Adalimumab prevents structural changes of the tight junctions induced by TNF-␣. Next, we assessed the impact of TNF-␣ and adalimumab on tight junction structure using immunofluorescence against the integral tight junction transmembrane protein occludin (16) and the adapter molecule ZO-1. Paralleling the observed decline in TEER, treatment of IFN-␥-primed Caco-2 monolayers with TNF-␣ induced profound changes in tight junction architecture within 6 h, as evidenced by irregular undulations in the staining pattern for both molecules (Fig. 3A) . In addition, we observed the appearance of intracellular vesicles staining positive for occludin but not for ZO-1, indicating the internalization of occludin, as previously described (10, 25, 49) . Adalimumab prevented these changes when coadministered with TNF-␣ but did not affect ZO-1 or occludin distribution in the absence of TNF-␣.
In line with the aggravated loss of TEER, stimulation of Caco-2 cells with higher cytokine concentrations (20 ng/ml IFN-␥ and 20 ng/ml TNF-␣) for 24 h substantially intensified these structural alterations, and a highly fragmented membrane staining pattern for occludin was observed (Fig. 3B) . In addition, visual assessment suggested a reduction in total cell number, presumably reflecting apoptotic and/or necrotic cell death (10) that was accompanied by an increase in size of the remaining cells to maintain an intact monolayer (24) . Concurrent administration of adalimumab prevented these alterations.
Since this study aimed to investigate the effects of adalimumab, TNF-␣, and IFN-␥ on barrier function, lower cytokine concentrations and shorter treatment periods were used for subsequent experiments to avoid potential cytotoxic effects of IFN-␥ and TNF-␣.
Of note, even though treatment with IFN-␥ alone induced a significant decline in TEER in the T-84 cell line, occludin and ZO-1 staining revealed no abnormalities in these cells. Stimulation of IFN-␥-primed T-84 cells with TNF-␣ resulted in changes similar to those seen in Caco-2 cells, and adalimumab was equally effective in preventing these alterations (Fig. 3C) .
Adalimumab prevents the TNF-␣-induced phosphorylation of MLC in Caco-2 and T-84 cells and antagonizes distinct alterations in the expression pattern of tight junction proteins in both cell lines.
The cytoskeleton and perijunctional actomyosin ring are of pivotal importance for the short-term regulation of tight junction permeability (21) . In particular, increased phosphorylation of MLC has a crucial role for the barrierdisrupting effect of proinflammatory cytokines (46) . We therefore assessed the effect of TNF-␣ and adalimumab on MLC phosphorylation using Western blot analysis. As shown in Fig. 4A , TNF-␣ induced an increase in MLC phosphorylation in Caco-2 and T-84 cells primed with IFN-␥ that paralleled the observed decline in TEER. This was prevented by the concurrent administration of adalimumab, demonstrating its ability to antagonize the activation of the MLC pathway by TNF-␣.
Changes in the expression of tight junction transmembrane proteins represent an additional way to modulate paracellular permeability. In particular, occludin and members of the claudin family of proteins, such as claudin-1, claudin-2, and claudin-4, are of central importance for barrier regulation, and alterations in the mucosal expression of these proteins have been frequently observed in IBDs (33, 51, 53) . We therefore assessed the impact of TNF-␣ and adalimumab on the expression of these proteins. Caco-2 and T-84 cells grown on filter inserts and primed with IFN-␥ (10 and 2.5 ng/ml, respectively) for 24 h were treated with TNF-␣ (5 ng/ml), and protein extracts were obtained after 6 h when TEER measurements indicated a significant decline in barrier function. Western blot analysis revealed that under these conditions, the expression of occludin, claudin-2, and claudin-4 was not altered upon stimulation with either TNF-␣, adalimumab, or both compounds in Caco-2 cells (Fig. 4A) . In contrast, the abundance of claudin-1 increased slightly in Caco-2 cells stimulated with TNF-␣ (relative protein abundance compared with cells treated with IFN only: 1.42 Ϯ 0.12, n ϭ 4, P Ͻ 0.05), and, remarkably, this was also observed in cells treated with a combination of TNF-␣ and adalimumab (relative protein abundance: 1.57 Ϯ 0.14, n ϭ 4, P Ͻ 0.05).
In contrast to these findings in the Caco-2 cell line, we observed a substantial reduction in the amount of occludin, claudin-1, claudin-2, and claudin-4 in T-84 cells treated with TNF-␣ (relative protein abundance: 0.25 Ϯ 0.13, 0.24 Ϯ 0.16, 0.40 Ϯ 0.09, and 0.30 Ϯ 0.23, respectively, n ϭ 3-4, P Ͻ 0.05), whereas the abundance of the adapter molecule ZO-1 was not changed. Cotreatment with adalimumab restored expression of these proteins, whereas adalimumab alone did not affect their abundance. Quantitative RT-PCR revealed significant parallel alterations in the mRNA expression of these genes (Fig. 4B) , suggesting that changes on the level of transcription are at least partially responsible for these effects. Fig. 2 . Effect of IFN-␥, TNF-␣, and Ada on cell viability. Caco-2 and T-84 cells were primed with IFN␥ (10 and 2.5 ng/ml, respectively) for 24 h followed by stimulation with TNF-␣ (5 ng/ml), Ada, or both compounds as indicated for 6 h. Cell viability was determined using the neutral red assay; T-84 cells treated with puromycin (Puro) for 6 h were included as a positive control. Viability data were normalized to values obtained in untreated cells of the respective line and are shown as mean viability and means Ϯ SE; n ϭ 6. *P Ͻ 0.05.
Similarly, quantitative RT-PCR confirmed the upregulation of claudin-1 in Caco-2 cells treated with TNF-␣ (relative expression compared with cells primed with IFN-␥ only: 1.48, n ϭ 6, P Ͻ 0.05) or a combination of TNF-␣ and adalimumab (relative expression: 1.47, n ϭ 6, P Ͻ 0.05; Fig. 4B ). We therefore used immunofluorescence to determine whether these changes were accompanied by alterations in the subcellular distribution pattern of claudin-1 in Caco-2 cells. Using a protocol designed to preserve intracellular vesicles (43) and Z-stacks, we observed that treatment with TNF-␣ changed the subcellular localization of this molecule from a more membrane-associated pattern in IFN-␥-primed cells to a diffuse cytoplasmic staining upon TNF-␣ stimulation. Although adalimumab did not prevent claudin-1 upregulation in our system, its redistribution was reversed by coadministration of the antibody (Fig. 4C) .
Adalimumab prevents the activation of signaling pathways implicated in the mediation of TNF-␣-induced barrier dysfunction.
As previous studies suggested a potential role for p38 MAPK both in the regulation of MLC phosphorylation in vivo (14) and Fig. 3 . Effect of TNF-␣ and Ada on tight junction structure. A: Caco-2 cells primed with 10 ng/ml IFN-␥ for 24 h were treated with TNF-␣ (5 ng/ml), Ada, or both compounds for 6 h as indicated followed by staining of the filter inserts for zonula occludens (ZO)-1 and occludin. Note the internalization of occludin (arrow, top IFN ϩ TNF image) and undulations within the membrane staining (arrow, bottom IFN ϩ TNF image) in cells treated with TNF-␣ but not the combination of TNF-␣ and Ada. Scale bars ϭ 20 m. B: ZO-1 and occludin staining in Caco-2 cells primed for 24 h with 20 ng/ml IFN-␥ followed by stimulation with TNF-␣ (20 ng/ml) or the combination of TNF-␣ and Ada for 24 h. Note the fragmented occludin staining at the membrane and the increased cell size upon TNF-␣ treatment that was antagonized by the addition of Ada. Scale bars ϭ 20 m. C: ZO-1 and occludin staining in T-84 cells primed for 24 h with IFN-␥ (2.5 ng/ml) followed by stimulation with TNF-␣ (5 ng/ml), Ada, or both compounds for 6 h. Scale bars ϭ 10 m. Representative results from 3 independent experiments are shown for each group. increased intestinal permeability after cytokine stimulation in vitro (50), we analyzed the activation of this pathway in our system. As shown in Fig. 5A , TNF-␣ induced phosphorylation of p38 in both Caco-2 and T-84 cells primed with IFN-␥ without altering the total amount of this protein. Adalimumab prevented these changes but did not affect p38 phosphorylation or expression in the absence of TNF-␣.
Another key signaling pathway downstream of TNF-␣ is the activation of transcription by members of the NF-B family of proteins, and evidence has been provided demonstrating that this activation might have an important role in the mediation of barrier dysfunction both in Caco-2 cells (22) and T-84 cells (9) . As TNF-␣-induced activation of NF-B has been previously linked to phosphorylation of the p65/RelA subunit on Ser 536 (37, 47), we used an antibody that specifically recognizes this residue to assess the impact of TNF-␣ and adalimumab on NF-B activation. The results shown in Fig. 5B demonstrate that TNF-␣ increased phosphorylation of p65/RelA within 6 h, Fig. 4 . Effect of TNF-␣ and Ada on myosin light chain (MLC) phosphorylation and tight junction membrane protein expression. A: Caco-2 and T-84 cells primed with IFN-␥ (10 and 2.5 ng/ml, respectively) for 24 h were treated with TNF-␣ (5 ng/ml), Ada, or both compounds for 6 h as indicated, and total protein extracts were subjected to Tricine SDS-PAGE followed by Western blot analysis using antibodies against MLC phosphorylated on Ser 19 [phosphorylated (p)MLC] as well as the tight junction proteins indicated. ␤-Actin was used as a loading control in all experiments. For reasons of clarity, only one representative example is shown. Note that whereas occludin migrated as a single band in Caco-2 cells, multiple bands corresponding to different phosphorylation states were observed in the T-84 cell line (16) . Densitometry data are shown as mean protein abundances and means Ϯ SE standardized to cells treated with IFN-␥ only; n ϭ 4. *P Ͻ 0.5; **P Ͻ 0.01. B: expression of tight junction transmembrane proteins was assessed by quantitative real-time PCR in Caco-2 and T-84 cells treated as described above. Data are given as mean relative RNA expression levels and means Ϯ SE standardized to cells treated with IFN-␥ only. Statistical significance was determined using the relative expression software tool algorithm (31). *P Ͻ 0.05. C: the subcellular localization of claudin-1 was assessed in Caco-2 cells treated as described above by immunofluorescence using a protocol preserving intracellular vesicles (43) . Two-dimensional projections of z-stacks are shown for claudin-1; as a control, ZO-1 and 4=,6-diamidino-2-phenylindole (DAPI) staining of the same stacks are shown in separate images. Scale bars ϭ 10 m.
which was prevented by the simultaneous addition of adalimumab.
Finally, various studies (9, 23, 28) have implicated activation of PI3K signaling in the barrier-disrupting effects of proinflammatory cytokines and the regulation of claudin expression. We therefore investigated the activation of this pathway by determining phosphorylation of the PI3K downstream target Akt. As shown in Fig. 5C , TNF-␣ induced a profound increase in Akt phosphorylated both on Thr 308 and Ser 473 in T-84 cells, whereas there was no effect on the total abundance of this protein. Again, this increase was prevented by the concurrent administration of adalimumab, whereas the antibody had no effect on Akt phosphorylation in the absence of TNF-␣. In contrast, PI3K signaling appeared not to be affected by TNF-␣ or adalimumab in Caco-2 cells as treatment with either of these compounds resulted in no changes of Akt phosphorylation in this cell line.
Inhibition of p38, NF-B, and PI3K signaling suggests distinct roles for these signaling pathways in the mediation of TNF-␣-induced barrier dysfunction.
To test the functional significance of our findings, we next used specific inhibitor compounds for the signaling pathways identified above. As shown in Fig. 6A , treatment of Caco-2 cells with the p38 inhibitor BIRB796 (500 nM) did not alter TEER in Caco-2 cells primed with IFN-␥ but resulted in an almost complete loss of TEER upon TNF-␣ stimulation (mean TEER with BIRB796: 41 Ϯ 2 ⍀·cm 2 compared with 113 Ϯ 4 ⍀·cm 2 with vehicle alone, n ϭ 4, P Ͻ 0.001). Treatment with the NF-B inhibitor BAY 11-7082 (10 M) resulted in a small but significant improvement of barrier function upon TNF-␣ stimulation (mean TEER: 128 Ϯ 3 ⍀·cm 2 , n ϭ 4, P Ͻ 0.05). In contrast, BIRB796 did not elicit any significant effect in T-84 cells either in the presence or absence of TNF-␣, whereas similar to our findings in the Caco-2 line, inhibition of NF-B partially reversed the TNF-␣-induced TEER loss (mean TEER: 3,470 Ϯ 32 ⍀·cm 2 with BAY 11-7082 compared with 3,060 Ϯ 126 ⍀·cm 2 with vehicle alone, n ϭ 4, P Ͻ 0.05). As our data furthermore suggested a potential impact of PI3K signaling in the T84 cell line, we also used LY-294002 (10 M), a potent and selective PI3K inhibitor. Treatment with this compound resulted in a highly significant increase in TEER in IFN-␥-primed cells (mean TEER 
DISCUSSION
Barrier dysfunction represents a hallmark finding in IBDs that has been proposed to contribute both to the pathogenesis and symptoms of these disorders (11, 41, 46) . Adalimumab, a fully human therapeutic antibody directed against TNF-␣, has Fig. 6 . Role of p38, NF-B, and PI3K signaling in the mediation of TNF-␣-induced barrier loss. Caco-2 (A) and T-84 (B) cells were simultaneously treated with IFN-␥ (10 and 2.5 ng/ml, respectively) and the p38 inhibitor BIRB796 (500 nM), the NF-B inhibitor BAY 11-7082 (10 M), the PI3K inhibitor LY-294002 (10 M), or vehicle alone (0.1% DMSO, control) for 24 h followed by stimulation with TNF-␣ (5 ng/ml). Data are shown as mean TEER and means Ϯ SE; n ϭ 4. Significance levels against cells treated with the respective inhibitor only (IFN-␥ group) are marked with asterisks, whereas pound signs mark significance compared with cells treated with the same cytokine but without the respective inhibitor (control group): */#P Ͻ 0.05, **P Ͻ 0.01, and ***/###P Ͻ 0.001. Fig. 5 . Effect of TNF-␣ and Ada on the activation of p38, NF-B, and phosphatidylinositol 3-kinase (PI3K) pathways. Caco-2 and T-84 cells primed with IFN-␥ (10 and 2.5 ng/ml, respectively) for 24 h were treated with TNF-␣ (5 ng/ml), Ada, or both compounds for 6 h as indicated, and total protein extracts were subjected to Tricine SDS-PAGE followed by Western blot analysis using antibodies against phosphorylated p38 (A), phosphorylated NF-B p65 (B), and phosphorylated Akt (C). Blots were then stripped and reprobed using nonphospho-specific antibodies against the respective proteins, and representative results from 3 independent experiments are shown. Note that in B lanes are loaded in a different order in the T-84 group compared with the rest of the gels. demonstrated clinical efficacy in the treatment of IBDs (19, 34 ), yet its impact on barrier function has not been systematically investigated until now. We therefore used the Caco-2 and T-84 cell lines, representing well-established in vitro models of the intestinal epithelial barrier, to evaluate the interaction of adalimumab and the proinflammatory cytokines TNF-␣ and IFN-␥ in the control of barrier properties.
In line with the notion that IFN-␥ upregulates the receptors for TNF-␣ and in agreement with previous studies (10, 17, 49) , we found that barrier disruption by TNF-␣ required the presence of IFN-␥. After IFN-␥ priming, both Caco-2 and T-84 cells exhibited unequivocal evidence of barrier disruption within 6 h after TNF-␣ stimulation, as indicated by 1) a significant decline in TEER, 2) the appearance of irregular membrane undulations in the plane of the tight junctions, 3) the internalization of occludin, and 4) increased phosphorylation of MLC, all of which have been previously associated with the barrier defect induced by these cytokines in vitro (48) . Concurrent administration of adalimumab effectively prevented all of these changes, demonstrating its ability to antagonize barrier disruption by TNF-␣ on structural and functional levels, whereas no cytokine-independent effects of the antibody were observed in these experiments. In addition, adalimumab prevented the reduction in cell number observed with higher cytokine concentrations and longer treatment periods, suggesting that it effectively antagonizes the induction of necrotic and/or apoptotic cell death under these conditions (10) .
Of note, while adalimumab has been demonstrated to induce apoptosis in monocytes and lymphocytes (4, 42) , no reduction in the number of viable cells was observed in either of our epithelial models upon stimulation with adalimumab in concentrations up to 100 g/ml (higher concentrations not tested; data not shown). However, our experimental system only allowed for the assessment of direct cytotoxic effects of the antibody on intestinal epithelial cells. Complement-or immune cell-mediated cytotoxicity was not investigated in our study. Similarly, our model cannot account for potential changes of the cytokine milieu elicited by interference of adalimumab with the intricate network of lamina propria immune cells, such as the induction of T cell apoptosis resulting from impaired interactions with intestinal macrophages (4) .
While stimulation with TNF-␣ resulted in comparable changes in both model systems, low concentrations of IFN-␥ were sufficient to induce a substantial decline in TEER in the absence of TNF-␣ in T-84 cells but not in Caco-2 cells. The mechanism underlying this effect appears to be different from that of TNF-␣ as, concurrent with previous research, the TEER reduction in IFN-␥-stimulated T-84 cells was not accompanied by alterations in occludin trafficking or increased MLC phosphorylation (9, 10) . The reason for the differential response in the two cell lines has not yet been clarified but might reflect general differences in signaling patterns as suggested by the observation that activation of the cellular energy sensor AMPactived protein kinase is required for the barrier-disrupting effects of IFN-␥ in T-84 cells (40) whereas in Caco-2 cells, this molecule seems to have a barrier augmenting function (30) . In contrast to our observations with TNF-␣, the IFN-␥-induced decline in TEER was not reversed by adalimumab, indicating that its barrier protective effect appears to be TNF-␣ specific.
The molecular events underlying the regulation of intestinal permeability have been the subject of intense investigation over the past years. In contrast to the well-established importance of the actin cytoskeleton and the MLC pathway for the short-term regulation of paracellular permeability (21, 46) , the contribution of transmembrane tight junction components such as occludin or members of the claudin family remains controversial. Although alterations in the expression of these proteins have been frequently reported in both CD and UC (33, 51, 53) , it is presently unknown whether these changes merely represent a consequence of inflammation or whether they actively contribute to the barrier defects observed in IBDs. In vitro studies have reported changes in the expression of tight junction transmembrane proteins by IFN-␥ and/or TNF-␣ based on longer (24 -72 h) incubation periods and reported conflicting results depending on the cell line and experimental protocols used (23, 33, 52) . We therefore analyzed the expression of occludin, claudin-1, claudin-2, and claudin-4 under conditions where a clear effect of TNF-␣ on TEER and tight junction structure was observed. Our finding that a profound downregulation of these proteins was observed in T-84 cells both on the protein and RNA level, whereas no (occludin, claudin-2, and claudin-4) or opposite effects (claudin-1) occurred in Caco-2 cells, suggest that reduced expression of these proteins is not universally required for the early effects of TNF-␣ on TEER and tight junction structure and furthermore emphasizes the differences between both cell lines. However, it should be stressed that these results could only reflect the direct impact of TNF-␣ on epithelial cells in vitro, whereas the in vivo situation might be considerably more complex, as demonstrated by the recent finding that activation of MLC kinase results in increased mucosal production of IL-13 with a subsequent upregulation of claudin-2 in a transgenic mouse model (52) .
Despite this limitation, two aspects of our in vitro observations warrant special mention: first, TNF-␣ induced a downregulation of both "tightening" (such as claudin-1) and poreforming (such as claudin-2) claudin isoforms (3) in T-84 cells. While the net effect of such changes is difficult to predict, this may indicate that instead of selectively modulating barrier characteristics, TNF-␣ could interfere with cell differentiation on a broader level. In line with this, we found that TNF-␣ induced a significant downregulation of the homebox transcription factor cdx-2 (unpublished observations), one of the major regulators of intestinal epithelial cell differentiation (13) , in this cell line.
Second, claudin-1 was upregulated both at the RNA and protein level upon TNF-␣ stimulation in Caco-2 cells. While it appears unlikely that increased claudin-1 expression is responsible for the observed barrier defect (2), we and others (1, 32) have found that TNF-␣ induced a redistribution of this protein from a predominately membranous to a more diffuse cytoplasmic localization. Upregulation of claudin-1 has been previously reported in IBDs in vivo (32, 51) , and, of note, multiple studies (15, 26, 51) have linked increased expression and altered subcellular localization of this protein to IBD-associated dysplasia and colorectal carcinogenesis. Thus, our observations in Caco-2 cells mimic these in vivo findings and corroborate a recent report (32) in which TNF-␣ induced an upregulation of claudin-1 in the nontransformed rat intestinal IEC-18 cell line. Our observation that coadministration of adalimumab did not antagonize the effect of TNF-␣ on claudin-1 expression but prevented its translocation to the cytosol is surprising and might indicate that distinct signaling path-ways with different sensitivities to adalimumab control expression and localization of this molecule upon TNF-␣ exposure. The pivotal importance of MLC in the mediation of the TNF-␣-induced barrier breakdown is well established, but the contribution of other signaling pathways is less clear. We therefore tested the activation of three candidate pathways in response to TNF-␣ in our system. We found that phosphorylation of MAPK p38 paralleled the early reduction in TEER upon TNF-␣ stimulation in both T-84 and Caco-2 cells, thereby supporting earlier reports that implicated this pathway in the regulation of MLC phosphorylation in vivo (14) and cytokine-induced barrier disruption in the Caco-2 model (50). However, whereas in the latter study inhibition of p38 with SB-203580 prevented the increase in macromolecular permeability induced by a mixture of IFN-␥, TNF-␣, and IL-1␤, treatment of Caco-2 cells with the more specific p38 inhibitor BIRB796 (5) not only failed to antagonize the TNF-induced decline in TEER but resulted in an almost complete loss of TEER in our study, thereby suggesting a rather protective role of p38 signaling in this cell line. Whether this discrepancy is due to a differential regulation of leak and pore tight junction permeability (44) , a different spectrum of kinases inhibited by the respective inhibitor compounds, or specific characteristics of the cytokines used remains to be elucidated. In addition, the absent effect of BIRB796 in T-84 cells suggests that the impact of p38 on barrier dysfunction depends on the cell line. Thus, despite the fact that our data do not support a crucial role for p38 in the TNF-␣-induced barrier disruption, the precise function of this signaling pathway remains to be investigated in future studies.
Activation of the NF-B axis also correlated with barrier disruption in both cell lines and was sensitive to inhibition by adalimumab. Pharmacological inhibition of NF-B partially prevented the TNF-␣-induced barrier loss in both cell lines, thereby confirming an earlier report (1) obtained in the HT-29 cell line. Finally, PI3K signaling has been previously linked to barrier disruption and claudin dysregulation downstream of proinflammatory cytokines (9, 23, 28) . Our results suggest that sustained activation of PI3K, as indicated by increased phosphorylation of Akt, is dispensable for the barrier defect in Caco-2 cells, whereas it correlated with the decline in TEER upon TNF-␣ stimulation in T-84 cells. Blockade of PI3K raised basal TEERs in this cell line but failed to prevent the TNF-␣-induced barrier breakdown, supporting an earlier report (1) demonstrating that isolated inhibition of this pathway is insufficient to prevent barrier loss upon TNF-␣ stimulation. Thus, although adalimumab prevented Akt phosphorylation in response to TNF, additional functional experiments will be needed to address the precise impact of PI3K signaling on intestinal barrier function.
Taken together, our study identified, for the first time, distinct molecular mechanisms for the ability of adalimumab to restitute the intestinal barrier disrupted by proinflammatory cytokines at the structural and functional level. This protective effect may explain its ability to induce mucosal healing in select patients with IBDs-a worthwhile new goal beyond symptom relief in the management of CD and UC (29) .
